All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Radiolabeled somatostatin receptor agonists readily internalize into tumor cells *in vitro* \[[@pone.0195802.ref001]\] and *in vivo* \[[@pone.0195802.ref002]\], allowing active accumulation of radioactivity in tumor cells. Neutral antagonists do not internalize and were not originally considered as targeting agents for tumor localization and targeted radionuclide therapy. However, antagonists often recognize more binding sites because they can target a variety of active and inactive conformations of G-protein-coupled receptors (GPCRs) \[[@pone.0195802.ref003],[@pone.0195802.ref004]\], indicating that they may be promising targeting agents for imaging and targeted radionuclide therapy. Indeed, Ginj et al have found that radiolabeled, chelator-coupled sst2- and sst3-selective antagonists do not trigger receptor internalization but still show excellent *in vivo* tumor uptake and retention \[[@pone.0195802.ref005]\]. These features have been further confirmed with different somatostatin receptor-targeting peptide probes employing different chelators and radiometals \[[@pone.0195802.ref006]\]. Importantly, the ^111^In- and ^177^Lu-labeled somatostatin-based peptidic antagonists have been successfully translated into the clinic for imaging neuroendocrine tumors \[[@pone.0195802.ref007],[@pone.0195802.ref008]\].

In addition, the preclinical studies have recently been extended to antagonistic peptides labeled with ^64^Cu \[[@pone.0195802.ref009]\]. In recent years, Copper-64 has gained popularity in nuclear medicine primarily because of its longer half-life (t~1/2~ = 12.7 hours), which enables PET imaging at later time points with higher tumor-to-normal organ contrasts \[[@pone.0195802.ref010]\]. In addition, ^64^Cu has the potential for theranostic applications when paired with ^67^Cu (t~1/2~ = 61.9 hours; *β*^*-*^, E~max~ = 0.141 MeV \[100%\]), suitable for targeted radionuclide therapy. Furthermore, ^64^Cu can be manufactured in a central facility carrier-free in high amounts on a medical cyclotron via the ^64^Ni(p,n)^64^Cu reaction and distributed to distant hospitals \[[@pone.0195802.ref011]\].

Since efficient labeling---including fast formation kinetics (high labeling yields at low concentrations) and high kinetic and thermodynamic stability---is of paramount importance for a clinical PET tracer, efforts were made to develop suitable bifunctional chelators and conjugation methods for biomolecules \[[@pone.0195802.ref012]--[@pone.0195802.ref016]\]. The literature on radiocopper-based radiopharmaceuticals in general was summarized by Hao et al \[[@pone.0195802.ref017]\] and Shokeen et al \[[@pone.0195802.ref010],[@pone.0195802.ref018]\], while the literature on radiocopper-labeled somatostatin analogues was recently summarized by Brasun et al \[[@pone.0195802.ref009]\].

We have shown that the ^64^Cu-labeled somatostatin receptor 2 antagonist LM3(p-Cl-Phe-cyclo(D-Cys-Tyr-D-Aph(Cbm)-Lys-Thr-Cys)D-Tyr-NH~2~) exhibits excellent pharmacokinetics, including high tumor uptake and high tumor-to-background ratios when conjugated to the established Cu(II) chelators NODAGA and CB-TE2A \[[@pone.0195802.ref006]\].

Recently, we have studied several sst2 antagonists and selected DOTA-JR11 (JR11: p-Cl-Phe-cyclo(D-Cys-Aph(Hor)-D-Aph(Cbm)-Lys-Thr-Cys)D-Tyr-NH~2~) as the favored peptide for clinical translation, as it showed high receptor affinity when labeled with ^90^Y and ^177^Lu for targeted radionuclide therapy. In addition, the log D value of ^177^Lu-DOTA-JR11 is approximately -2.5, very similar to radiometal-labeled DOTATOC (\[DOTA,Tyr^3^\]octreotide) and DOTATATE (\[DOTA,Tyr^3^,Thr^8^\]octreotide, indicating high hydrophilicity \[[@pone.0195802.ref019]\]. However, we found that the affinity of DOTA-JR11 labeled with ^68^Ga or ^64^Cu was lower than the affinity for other tested JR-11 radioconjugates (29 ± 2.7 nM and 16 ± 1.2 nM, respectively, versus 0.47--3.8 nM for other conjugates). Furthermore, using the NODAGA chelator instead of DOTA dramatically improved the affinity of ^68^Ga-labeled JR-11 conjugate \[[@pone.0195802.ref019]\]. Accordingly, we hypothesized that the affinity of the ^64^Cu-labeled JR11 candidate could also benefit from using the NODAGA chelator. Based on our experience, NODAGA is a very good chelator for ^64^Cu. It confers high thermodynamic, kinetic, redox stability and very favorable pharmacokinetics for a number of small peptides \[[@pone.0195802.ref006]\]. The aim of the current study was to evaluate *in vitro* and *in vivo* the ^64^Cu-labeled NODAGA-JR11 sst2 targeting probe and perform a side-by-side comparison with ^64^Cu-DOTA-TATE (\[^64^Cu-DOTA, Tyr^3^, Thr^8^\]octreotide, which has been tested very successfully in the clinic \[[@pone.0195802.ref020],[@pone.0195802.ref021]\]. ^64^Cu-DOTA-TATE was recently shown to be far superior to SRS (somatostatin receptor scintigraphy) with ^111^In-octreoscan \[[@pone.0195802.ref021]\]. In addition, a head-to-head comparison of ^64^Cu-DOTA-TATE and ^68^Ga-DOTA-TOC PET/CT showed significantly more lesions in a cohort of 59 patients with the ^64^Cu-labeled radiopeptide \[[@pone.0195802.ref020]\].

Materials and methods {#sec002}
=====================

Materials {#sec003}
---------

All starting reagents listed were obtained from commercial sources and used without further purification. Amino acids and the Rink amide methyl-benzhydrylamine (MBHA) resin were purchased from NovaBiochem (Darmstadt, Germany) and Bachem AG, (Duebendorf, Switzerland). Copper-64 chloride (^64^CuCl~2~) was available from University Hospital Tübingen, Germany. (R)-NODAGA(t-Bu)~3~ was purchased from CheMatec (Dijon, France).

Synthesis of peptides, coupling to chelators, and (radio)metal complexation {#sec004}
---------------------------------------------------------------------------

The unnatural amino acids [D]{.smallcaps}-Aph(Cbm) ([d]{.smallcaps}-4-amino-Phe-carbamoyl), a D-Trp mimetic and Aph(Hor) (4-amino-L-hydroorotyl-phenylalanine) mimicking Tyr, were synthesized as described earlier \[[@pone.0195802.ref022]\]. The peptide analogs and the corresponding DOTA- and NODAGA-conjugates were synthesized following standard solid-phase peptide synthesis on a methyl-benzhydrylamine resin (MBHA) as previously described \[[@pone.0195802.ref017]\]. DOTA-TATE was synthesized as published earlier \[[@pone.0195802.ref023]\]. The final products of NODAGA-JR11 and DOTA-TATE were purified by semi-preparative HPLC and characterized by electrospray ionization mass spectrometry (ESI-MS) and reverse-phase high-performance liquid chromatography (RP-HPLC).

Copper-64 labeling of (R)-NODAGA-JR11 and DOTA-TATE was done in ammonium acetate buffer (0.1 M, pH 8.0) at 95°C for 10 minutes. For saturation binding experiments, one equivalent of ^nat^CuCl~2~ was added after labeling and the reaction mixture was incubated for another 10 minutes at 95°C. Quality control of radiolabeled peptides was performed by reversed-phase high-performance liquid chromatography (RP-HPLC) as described previously \[[@pone.0195802.ref019]\].

Receptor binding and internalization studies {#sec005}
--------------------------------------------

All cell experiments were performed in a human embryonic kidney HEK-293 cell line stably expressing human sst2 receptors (HEK-hsst2) (a gift from Prof. Schulz, University of Jena) plated in 6-well plates in triplicates (10^6^ cells/well). The saturation binding experiments were performed with radioligand (^64/nat^Cu-NODAGA-JR11 and ^64/nat^Cu-DOTA-TATE) concentrations ranging from 0.5--75 nM and 0.5--90 nM, respectively, for 2 hours at +4ºC as described previously \[[@pone.0195802.ref024]\]. The K~d~ and Bmax values were calculated using GraphPad.

The internalization rate of the agonist ^64^Cu-DOTA-TATE was studied after addition of 2.5 pmol of ^64^Cu-DOTA-TATE to the medium of the cells followed by incubation (in triplicates) for 0.5, 1, 2, and 4 h at 37°C, 5% CO~2~. Non-specific, surface-bound, and internalized radiopeptides were determined in the presence of 10 μM TATE. The final volume was 1.5 mL/well. At the indicated time points, the cellular uptake was stopped by removal of the medium and washing the cells with ice-cold PBS (pH 7.4). Cells were then treated three times for 5 min with glycine buffer (0.05 mol/L glycine solution, pH 2.8) to distinguish between cell surface-bound (acid-releasable) and internalized (acid-resistant) radioligand. Finally, cells were detached from the plates by incubation with 1 mol/L NaOH for 10 min at 37°C. The radioactivity of all fractions was measured in a γ-counter.

Cellular retention studies: Dissociation/Externalization {#sec006}
--------------------------------------------------------

The dissociation rate of the antagonist ^64^Cu-NODAGA-JR11 was studied in HEK-hsst2 cells after incubation with 2.5 pmol of ^64^Cu-NODAGA-JR11/mL/well (specific activity 40 MBq/nmol) for 2 hours on ice. The low temperature prevents internalization while the long incubation time ensures equilibrium. After 2 hours, the unbound radioligand was rinsed off with cold medium and the cells were treated with 0.9 mL of pre-warmed medium (37°C) along with 0.1 mL of NODAGA-JR-11 (50 pmol) or PBS. The 6-well plates were then immediately transferred to 37ºC. After 10, 20, 30, and 60 minutes at 37ºC, the medium, which contained dissociated radioligand, was removed for quantification. The surface-bound and internalized fractions were obtained as described above and quantified in the γ-counter.

The externalization rate of the agonist ^64^Cu-DOTA-TATE was studied after adding 2.5 pmol/mL/well of ^64^Cu-DOTA-TATE (specific activity 7 MBq/nmol) to HEK-hsst2 cells and incubation for 2 hours at 37°C to allow internalization; cells were then washed twice with PBS and the receptor-bound ligands were removed by washing with glycine buffer (pH 2.8). Next, cells were incubated with fresh medium at 37°C for indicated time periods and the radioactivity retained in the cell after 10, 20, 30, 60, and 120 minutes was measured.

Biodistribution in HEK-hsst2-bearing animals {#sec007}
--------------------------------------------

All animal experiments were conducted in accordance with the German Animal Welfare Act (TierSchG). The protocol was approved by the Animal Welfare Ethics committees of the University of Freiburg (Permit Number: G-16/02). Female Balb/c nude mice (18--20 g, 6--8 weeks old) were obtained from Janvier Labs (Saint-Berthevin Cedex, France) and were housed and handled in accordance with good animal practice as defined by FELASA and the national animal welfare body GVSOLAS. Xenografts were established on the right shoulder by s.c. injection of 10 million Hek-hsst2 cells freshly suspended in 100 μL sterile PBS. The tumors were allowed to grow for 14--18 days (tumor weight: 250--350 mg).

For biodistribution, Hek-hsst2 tumor-bearing mice were administered 10 pmol/100 μL/0.4 MBq of ^64^Cu-NODAGA-JR11 or 10 pmol/100ul/0.6 MBq of ^64^Cu-DOTA-TATE via the tail vein and were euthanized at 1 hour, 4 hours, and 24 hours post-injection (p.i.). For mass dependence experiments, mice were injected with increasing masses of ^64^Cu-NODAGA-JR11 (200 pmol, 1,000 pmol, and 2,000 pmol) and biodistribution was studied at 1 hour p.i. Non-specific uptake of ^64^Cu-NODAGA-JR11 and ^64^Cu-DOTA-TATE radiopeptides was determined by co-injection with 10 nmol of NODAGA-JR11 or 20 nmol of TATE, respectively. Organs of interest and blood were collected, rinsed of excess blood, blotted dry, weighted, and counted in a γ-counter. The results were expressed as a percentage of injected activity per gram tissue (%IA/g) and represent the mean±SD of n = 3--4. The total counts injected per mouse were determined by extrapolation from counts of a known aliquot of the injected solution.

Small-animal PET studies {#sec008}
------------------------

PET scans were performed using a dedicated small-animal PET scanner (Focus 120 microPET scanner; Concorde Microsystems, Inc.). ^64^Cu-NODAGA-JR11 (8 MBq/200 pmol) was administered to two mice with HEK-hsst2 tumor xenografts, as described above. Animals were anesthetized with 1.8% isoflurane and static scans were acquired at 1 hour, 4 hours, and 24 hours p.i. for 20 to 30 minutes. Additionally, 2 mice injected with different peptide masses of ^64^Cu-NODAGA-JR11 (1,000 pmol, n = 2; 2,000 pmol, n = 2) were imaged at 1 hour p.i. PET images were reconstructed with filtered back projection. No correction was applied for attenuation. Maximum intensity projection (MIP) PET images were generated using Rover software. The color scale was set from 0 to 10% to allow for qualitative comparison among the images.

Results {#sec009}
=======

Synthesis and radiochemistry {#sec010}
----------------------------

NODAGA-JR11 and DOTA-TATE ([Fig 1](#pone.0195802.g001){ref-type="fig"}) were generated via solid-phase peptide synthesis using Fmoc strategy as published elsewhere. The final yield was about 40% based on the first Fmoc removal (6). The purity as determined by RP-HPLC was \>97%.

![Chemical structures of NODAGA-JR11 and DOTA-TATE.](pone.0195802.g001){#pone.0195802.g001}

^64^Cu-NODAGA-JR11 was synthesized with 99% labeling yield and a specific activity of 40 MBq/nmol ([S1A Fig](#pone.0195802.s001){ref-type="supplementary-material"}). ^64^Cu-DOTA-TATE was synthesized with a labeling yield of 97% and specific activity of 7 MBq/nmol ([S1B Fig](#pone.0195802.s001){ref-type="supplementary-material"}).

Binding affinity studies {#sec011}
------------------------

The dissociation constants were determined on HEK-hsst2 cells using ^64/nat^Cu-NODAGA-JR11 and ^64/nat^Cu-DOTA-TATE as receptor ligands at 4°C via saturation binding (Figs [2](#pone.0195802.g002){ref-type="fig"} and [3](#pone.0195802.g003){ref-type="fig"}). The K~d~ value for ^64/nat^Cu-NODAGA-JR11 was calculated to be 5.7 ± 0.95 nM and Bmax was 4.1 ± 0.18 nM. The K~d~ and Bmax values for ^64/nat^Cu-DOTA-TATE were 20.1 ± 4.4 nM and 0.48 ± 0.04 nM, respectively.

![Saturation binding of ^64^Cu-NODAGA-JR11 to HEK-hsst2 cells.\
The cells were incubated with increasing concentrations of ^64/nat^Cu-NODAGA-JR11 (range 0.5--75 nM) for 2 hours at +4ºC.](pone.0195802.g002){#pone.0195802.g002}

![Saturation binding of ^64/nat^Cu-DOTA-TATE onto HEK-hsst2 cells.\
The cells were incubated with increasing concentrations of ^64^Cu-DOTA-TATE (range 0.5--90 nM) for 2 hours at +4ºC.](pone.0195802.g003){#pone.0195802.g003}

*In vitro* cellular uptake and retention {#sec012}
----------------------------------------

An important parameter with regard to long retention of non-internalizing antagonistic radiopeptides in particular is the rate of dissociation from the receptor. The experiment with ^64^Cu-NODAGA-JR11 was performed as a temperature shift experiment. The radioligand was allowed to bind for 2 hours at 4°C, followed by a quick shift to 37°C. In culture medium, ^64^Cu-NODAGA-JR11 dissociated from the receptor relatively quickly but reached a steady state after only about 1 hour at ca 60% bound radiopeptide ([Fig 3](#pone.0195802.g003){ref-type="fig"}). The remaining radioligand was either in the medium (dissociated, ca 30%) or internalized (ca 10%) ([Fig 4](#pone.0195802.g004){ref-type="fig"}). The relative amounts were dependent on the presence of unlabeled peptide. With 50 pmol of NODAGA-JR11 in the medium, the plateau was reached at about the same time but at a much lower level, at about 20% ^64^Cu-NODAGA-JR11 still remaining receptor bound. Very little ^64^Cu-NODAGA-JR11 was internalized (\<5%).

![Internalization, binding, and dissociation of ^64^Cu-NODAGA-JR11.\
HEK-hsst2 cells were incubated with ^64^Cu-NODAGA-JR11 at +4°C for 120 minutes and the temperature was shifted to 37°C by adding warm media (A) or media containing 50 pmol of NODAGA-JR11 (B). The amount of cell-bound, internalized, and dissociated activity was determined between 0 to 120 minutes after the temperature shift.](pone.0195802.g004){#pone.0195802.g004}

The agonist ^64^Cu-DOTA-TATE internalized into the HEK-hsst2 cells with a steadily increasing amount of internalized peptide from 21.26 ± 1.23% at 30 minutes to 50.95 ± 4.30% at 4 hours ([S2 Fig](#pone.0195802.s002){ref-type="supplementary-material"}). No plateau was reached under the given conditions. The cellular retention of ^64t^Cu-DOTA-TATE was studied in an externalization experiment. The amount of retained/internalized peptide reached the plateau of 80% after 2 hours of incubation at 37°C. The remaining 20% of radioactivity was externalized into the medium ([Fig 5](#pone.0195802.g005){ref-type="fig"}).

![Externalization kinetics of ^64^Cu-DOTA-TATE in HEK-hsst2 cells.\
HEK-hsst2 cells were incubated with ^64^Cu-DOTA-TATE for 2 hours at +37°C. The receptor-bound ligands were removed by washing with glycine buffer, pH 2.8. Cells were then incubated by adding fresh medium and the amount of externalized and internalized (retained) radioactivity in the cells was measured after 10, 20, 30, 60, and 120 minutes.](pone.0195802.g005){#pone.0195802.g005}

*In vivo* biodistribution results {#sec013}
---------------------------------

The biodistribution of ^64^Cu-NODAGA-JR11 and ^64^Cu-DOTA-TATE was studied at 1, 4, and 24 hours p.i. using 10 pmol of total peptide mass. Tables [1](#pone.0195802.t001){ref-type="table"} and [2](#pone.0195802.t002){ref-type="table"} summarize the pharmacokinetics of the two radiopeptides. ^64^Cu-NODAGA-JR11 showed a fast blood clearance with only 0.1 ± 0.0%IA/g remaining in the blood at 4 hours p.i. It accumulated in the tumor, kidneys, and sst2-positive organs, such as stomach, adrenals, and pancreas ([Table 1](#pone.0195802.t001){ref-type="table"}). The tumor uptake was 20.6 ± 3.7%IA/g at 1 hour p.i. and remained essentially the same between 1 and 4 hours p.i. (19.0 ± 3.1%IA/g). However, significant washout was found within 24 hours (7.7 ± 2.5%IA/g). A high accumulation of radioactivity was also found in the kidneys (10.3 ± 0.7%IA/g at 1 hour p.i.), which decreased to 2.2 ± 0.6%IA/g within 24 hours ([Table 1](#pone.0195802.t001){ref-type="table"}). The tumor:normal organ ratios were increasing from 1 to 4 hours by a factor of 1.4 up to 13, depending on the background tissue. The tumor:kidney uptake ratio increased further at 24 hours p.i.

10.1371/journal.pone.0195802.t001

###### Biodistribution of 10 pmol of ^64^Cu-NODAGA-JR11 in mice bearing HEK-hsst2 xenografts.

![](pone.0195802.t001){#pone.0195802.t001g}

  Organ                 %IA/g[^\#^](#t001fn001){ref-type="table-fn"}                        
  --------------------- ---------------------------------------------- --------- ---------- ----------
  **Blood**             0.6±0.2                                        0.3±0.0   0.1±0.0    0.1±0.0
  **Heart**             0.5±0.1                                        0.3±0.1   0.3±0.1    0.2±0.1
  **Lung**              3.0±1.0                                        0.9±0.2   0.8±0.2    0.5±0.1
  **Liver**             1.7±0.2                                        1.3±0.0   0.7±0.3    0.3±0.1
  **Spleen**            0.9±0.2                                        0.5±0.0   1.2±0.2    0.9±0.1
  **Pancreas**          5.6±0.6                                        0.2±0.0   0.4±0.1    0.2±0.0
  **Stomach**           4.9±1.6                                        0.7±0.0   0.9±0.2    0.4±0.0
  **Intestine**         0.9±0.4                                        0.7±0.1   0.7±0.1    0.4±0.0
  **Kidney**            10.3±0.7                                       6.4±1.3   6.9±0.9    2.2±0.6
  **Adrenal**           4.8±0.8                                        3.7±1.0   3.5±0.9    1.5±0.6
  **Muscle**            0.4±0.0                                        0.4±0.2   0.1±0.1    0.04±0.0
  **Bone**              0.7±0.2                                        0.5±0.0   0.8±0.2    0.4±0.2
  **Tumor**             20.6±3.7                                       3.9±0.0   19.0±3.1   7.7±2.5
  **Tumor:Blood**       29.4                                                     190.0      77.0
  **Tumor:Pancreas**    3.7                                                      47.5       38.5
  **Tumor:Stomach**     4.2                                                      21.1       19.3
  **Tumor:Intestine**   22.9                                                     27.1       19.3
  **Tumor:Liver**       12.1                                                     27.1       25.7
  **Tumor:Kidney**      2.0                                                      2.8        3.5
  **Tumor:Muscle**      51.5                                                     190.0      192.5

^\#^Values are mean±standard deviation (*n* = 3--4).

^a^For blocking, 10 nmol of unlabeled peptide was used.

10.1371/journal.pone.0195802.t002

###### Biodistribution of 10 pmol of ^64^Cu-DOTA-TATE in mice bearing HEK-hsst2 xenografts.

![](pone.0195802.t002){#pone.0195802.t002g}

  Organ                 %IA/g[^\#^](#t002fn001){ref-type="table-fn"}                         
  --------------------- ---------------------------------------------- ---------- ---------- ----------
  **Blood**             0.7±0.2                                        0.6±0.1    0.5±0.04   0.5±0.05
  **Heart**             1.1±0.1                                        1.2±0.3    1.3±0.4    1.1±0.2
  **Liver**             6.1±1.2                                        5.2±1.6    6.2±1.2    4.6±0.6
  **Spleen**            1.7±0.6                                        1.1±0.4    1.01±0.5   1.2±0.1
  **Lung**              9.8±2.6                                        5.4±1.4    3.6±1.5    4.2±0.6
  **Kidney**            4.8±0.5                                        3.0±0.6    4.1±1.5    2.7±0.3
  **Stomach**           16.1±1.7                                       10.6±1.6   3.5±1.5    3.1±0.3
  **Intestine**         4.9±0.2                                        3.6±0.4    3.3±0.9    2.0±0.3
  **Adrenal**           4.7±1.5                                        3.3±1.1    2.3±0.9    0.7±0.3
  **Pancreas**          24.6±2.4                                       4.4±1.0    1.2±0.4    0.95±0.1
  **Muscle**            0.3±0.1                                        0.2±0.03   0.2±0.05   0.3±0.1
  **Bone**              1.6±0.5                                        1.4±0.2    0.8±0.2    0.8±0.1
  **Tumor**             20.3±2.5                                       14.9±1.0   2.6±0.9    2.8±0.23
  **Tumor:Blood**       29.0                                           24.8                  5.6
  **Tumor:Pancreas**    0.8                                            3.4                   2.9
  **Tumor:Stomach**     1.3                                            1.4                   0.9
  **Tumor:Intestine**   4.1                                            4.1                   1.4
  **Tumor:Liver**       3.3                                            2.9                   0.6
  **Tumor:Kidney**      4.2                                            5.0                   1.0
  **Tumor:Muscle**      67.7                                           74.5                  9.3

^\#^Values are mean±standard deviation (*n* = 3--4).

^**a**^co-injection with 20 nmol of TATE

^64^Cu-DOTA-TATE showed slower clearance from the blood with 0.7 ± 0.2%IA/g at 1 hour p.i and 0.5 ± 0.05%IA/g still remaining after 24 hours p.i ([Table 2](#pone.0195802.t002){ref-type="table"}). The tumor uptake of ^64^Cu-DOTA-TATE (20.3 ± 2.5%IA/g) was the same as that of ^64^Cu-NODAGA-JR11 (20.6 ± 3.7%IA/g) at 1 hour p.i., but decreased faster afterwards with only 2.8 ± 0.3%IA/g left at 24 hours p.i ([Table 2](#pone.0195802.t002){ref-type="table"}). ^64^Cu-DOTA-TATE also showed relatively high accumulation and longer retention of activity in the normal organs, compared to ^64^Cu-NODAGA-JR11, including liver (6.1 ± 1.2 versus 1.7 ± 0.2%IA/g), pancreas (24.6 ± 2.4 versus 5.6 ± 0.6), stomach (16.1 ± 1.7 versus 4.9 ± 1.6%IA/g), and intestine (4.9 ± 0.2 versus 0.9 ± 0.4%IA/g) at 1 hour p.i. The kidney uptake was lower for ^64^Cu-DOTA-TATE (4.8 ± 0.5%IA/g at 1 hour p.i.) compared to ^64^Cu-NODAGA-JR11 (10.3 ± 0.7%IA/g at 1 hour p.i.). Contrary to what was seen for ^64^Cu-NODAGA-JR11, the tumor:normal organ ratios of ^64^Cu-DOTA-TATE did not increase from 1 to 4 hours p.i., but either remained at the same level or decreased. The only exception was the tumor:pancreas ratio, which improved by a factor of 4.3. At 24 hours p.i., all ratios decreased (Tables [1](#pone.0195802.t001){ref-type="table"} and [2](#pone.0195802.t002){ref-type="table"}).

Between the two radiopeptides, the tumor:background ratios were already distinctly higher for ^64^Cu-NODAGA-JR11 compared to ^64^Cu-DOTA-TATE at 1 hour p.i., with the exception of the tumor:kidney ratio, which was favorable for ^64^Cu-DOTA-TATE (4.2 vs. 2.0). The difference in all tumor:normal organ ratios reached orders of magnitude within 4 hours p.i. in favor of ^64^Cu-NODAGA-JR11, while the difference in the tumor:kidney ratio was slightly reduced (5.0 vs. 2.8).

Blocking experiments confirmed the receptor-mediated uptake of ^64^Cu-NODAGA-JR11 and ^64^Cu-DOTA-TATE in the tumor and sst2-positive organs (Tables [1](#pone.0195802.t001){ref-type="table"} and [2](#pone.0195802.t002){ref-type="table"}). Co-injection of 10 nmol corresponding unlabeled peptide led to 81% blocking of the tumor uptake for ^64^Cu-NODAGA-JR11, and 83% blocking for ^64^Cu-DOTA-TATE.

In order to elucidate if mass dependence has an influence on biodistribution as it was found for ^177^Lu-DOTA-JR11 \[[@pone.0195802.ref008]\], the biodistribution of ^64^Cu-NODAGA-JR11 was also studied with different masses (10 pmol, 200 pmol, 1000 pmol, and 2000 pmol) at 1 hour p.i. Among the studied peptide masses, 200 pmol of ^64^Cu-NODAGA-JR11 demonstrated the highest ratios of tumor to pancreas, stomach, intestine, and muscle at 1 hour p.i., while the tumor uptake remained almost the same (16.4 ± 0.7%IA/g) as with 10 pmol of the peptide. Further increase of the mass to 1000 and 2000 pmol also yielded good tumor-to-normal organ ratios, but there was a substantially lower uptake (50%) of activity in the tumor. The tumor-to-kidney ratio did not improve with any of the tested peptide masses ([Table 3](#pone.0195802.t003){ref-type="table"}).

10.1371/journal.pone.0195802.t003

###### Mass dependence of ^64^Cu-NODAGA-JR11 biodistribution in mice bearing HEK-hsst2 xenografts 1 hour p.i.

![](pone.0195802.t003){#pone.0195802.t003g}

  Organ                 %IA/g [^\#^](#t003fn001){ref-type="table-fn"}                        
  --------------------- ----------------------------------------------- ---------- --------- ---------
  **Blood**             0.7±0.3                                         0.5±0.1    0.4±0.1   0.3±0.1
  **Heart**             0.6±0.1                                         0.3±01     0.3±0.1   0.2±0.1
  **Lung**              3.0±1.0                                         0.4±0.2    0.3±0.1   0.3±0.0
  **Liver**             1.7±0.2                                         1.6±0.3    1.0±0.2   0.8±0.1
  **Spleen**            0.9±0.2                                         0.7±0.1    0.5±0.1   0.6±0.1
  **Pancreas**          5.6±0.6                                         1.7±0.3    0.8±0.2   0.6±0.1
  **Stomach**           4.9±1.6                                         1.7±0.7    0.9±0.2   0.8±0.1
  **Intestine**         0.9±0.4                                         0.5±0.1    0.3±0.1   0.4±0.1
  **Kidney**            10.3±0.7                                        10.6±1.6   7.9±0.4   8.1±0.7
  **Adrenal**           4.8±0.8                                         2.1±1.2    1.4±0.6   1.9±0.7
  **Muscle**            0.4±0.0                                         0.2±0.0    0.3±0.2   0.2±0.0
  **Bone**              1.3±0.7                                         0.5±0.3    0.8±0.4   0.2±0.0
  **Tumor**             20.6±4.2                                        16.4±0.7   9.7±2.4   9.2±0.4
  **Tumor:Blood**       29.4                                            32.8       24.2      30.7
  **Tumor:Pancreas**    3.7                                             9.6        12.1      15.3
  **Tumor:Stomach**     4.2                                             9.6        10.8      11.5
  **Tumor:Intestine**   22.8                                            32.8       32.3      23.0
  **Tumor:Liver**       12.1                                            10.3       9.7       11.5
  **Tumor:Kidney**      2.0                                             1.5        1.2       3.5
  **Tumor:Muscle**      51.5                                            82         32.3      192.5

^\#^Values are mean±standard deviation (*n* = 3--4).

PET imaging studies {#sec014}
-------------------

PET imaging studies were performed with ^64^Cu-NODAGA-JR11, which has demonstrated the most favorable biodistribution profile. MIP PET images show that ^64^Cu-NODAGA-JR11 detects sst2-expressing tumors with very high contrast ([Fig 6](#pone.0195802.g006){ref-type="fig"}). The HEK-hsst2 tumor had the highest tracer accumulation after 1, 4, and 24 hours p.i., compared with all non-tumor organs. Among normal organs, only the kidneys had a high radioactivity accumulation. At 24 hours p.i., the radioactivity from all of the other normal organs was completely cleared, while tumor still retained a significant amount of radioactivity for clear visualization. PET images ([Fig 7](#pone.0195802.g007){ref-type="fig"}) demonstrated that with increasing peptide mass, the background activity in the abdomen decreases but the kidneys still have a high amount of radioactivity. In addition, there was a significant reduction of activity in the tumor due to blocking effect at the peptide masses of 1000 pmol and above.

![PET images of ^64^Cu-NODAGA-JR11 distribution in HEK-hsst2 tumor-bearing mice.\
Imaging data are presented as maximum intensity projections (MIP) at 1, 4, and 24 hours post-injection of 200 pmol of ^64^Cu-NODAGA-JR11.](pone.0195802.g006){#pone.0195802.g006}

![Mass dependence of the ^64^Cu-NODAGA-JR11 biodistribution in mice bearing HEK-hsst2 xenografts.\
Imaging data are presented as MIP at 1 hour post-injection of 200, 1000, and 2000 pmol of ^64^Cu-NODAGA-JR11.](pone.0195802.g007){#pone.0195802.g007}

Discussion {#sec015}
==========

Neuroendocrine tumors are heterogeneous in the sense that they can arise in various organs of the body. They are also diverse with regard to their biology. But they share common features related to overexpression of different hormone receptors. In particular, somatostatin receptors (the most abundant is sst2) are present in high density and high incidence in differentiated NETs (Ki-67 \< 22) \[[@pone.0195802.ref025]\]. Thus, they represent ideal targets for imaging and targeted radionuclide therapy. Indeed, several DOTA-conjugated octapeptides targeting somatostatin receptors, labeled with ^68^Ga (^68^Ga-DOTA-TOC, ^68^Ga-DOTA-NOC, and ^68^Ga-DOTA-TATE), are considered state-of-the-art for diagnosis, staging, therapy, and follow-up of patients with NETs \[[@pone.0195802.ref026]\].

Copper-64 has gained considerable recognition due to its good positron energy and a half-life of 12.7 hours. The longer half-life allows PET imaging at later time points than ^68^Ga (t~1/2~ = 68 minutes) with potentially higher tumor-to-normal organ contrast as well as central production and shipping to remote hospitals \[[@pone.0195802.ref010], [@pone.0195802.ref017], [@pone.0195802.ref018]\]. In addition, ^64^Cu-DOTA-TATE, for instance, was shown to outperform not only the SPECT tracer OctreoScan (\[^111^In-DTPA\]octreotide) in NET patients \[[@pone.0195802.ref021]\] but also one of the gold standard PET/CT agents: ^68^Ga-DOTA-TOC \[[@pone.0195802.ref020]\]. This comes as a surprise, as preclinical studies have indicated that DOTA is not a suitable chelator for Cu(II) radiopharmaceuticals because of some *in vivo* instability of this chelate, most likely due to reduction to Cu(I) and the instability of the Cu(I)-DOTA complex \[[@pone.0195802.ref027]\].

Furthermore, preclinical studies and preliminary clinical studies have shown that receptor antagonist-based tracers are superior to receptor agonists \[[@pone.0195802.ref005]--[@pone.0195802.ref008]\]. Among a series of antagonists, the octapeptide JR11 (p-Cl-Phe-cyclo(DCys-Aph(Hor)-DAph(Cbm)-Lys-Thr-Cys)DTyr-NH~2~) was selected for clinical translation. The DOTA- or NODAGA-conjugates of JR11, labeled with ^177^Lu and ^68^Ga, respectively, were studied in phase I and II clinical studies \[[@pone.0195802.ref028]--[@pone.0195802.ref030]\]. In the present study, we evaluated ^64^Cu-NODAGA-JR11 as an sst2-targeting PET ligand and compared it side by side with ^64^Cu-DOTA-TATE, the clinically proven radiopeptide.

Both peptides showed high sst2 affinity and the Bmax value for the antagonist was about 8.5-fold higher than the agonist. Most importantly, this phenomenon was also observed with human tumors when quantitative autoradiography in neuroendocrine tumor specimens and non-neuroendocrine tumors was studied with ^125^I-labeled agonists and antagonists, respectively (^125^I-DOTA-JR11 and ^125^I-Tyr^3^octreotide) \[[@pone.0195802.ref004]\].

The cellular retention *in vitro* indicates that a substantial amount of the radioactivity is retained in the cells: 80% of ^64^Cu-DOTA-TATE (as internalized) and 60% of ^64^Cu-NODAGA-JR11 (as surface-bound), which is very similar to what was found for other sst2 receptor radioantagonists \[[@pone.0195802.ref006]\].

*In vivo* studies indicate that ^64^Cu-NODAGA-JR11 shows more favorable pharmacokinetics than ^64^Cu-DOTA-TATE with longer retention of activity in the tumor and improved tumor-to-normal organ ratios over time. Low levels in the liver and spleen and rapid blood clearance indicates that ^64^Cu-NODAGA-JR11 is stable *in vivo* \[[@pone.0195802.ref027]\]. In addition, the good labeling yields at high specific activity are other indications that NOTA analogues are ideal bifunctional chelators for ^64^Cu. We previously reported on another ^64^Cu-based radiopeptide, ^64^Cu-NODAGA-LM3, which has high potential for clinical translation. It shows even higher tumor uptake, longer tumor retention, and better tumor-to-normal organ ratios than ^64^Cu-NODAGA-JR11 \[[@pone.0195802.ref019]\]. In addition, ^64^Cu-Sar-TATE (a macrohexaaza-bicyclic chelator that forms exceptionally stable Cu(II) complexes coupled to TATE, \[Tyr^3^,Thr^8^\]octreotide) performs very favorably compared to ^64^Cu-DOTA-TATE with regard to tumor-to-most normal organ ratios, particularly at 24 hours post-injection in A427-7 tumor-bearing mice \[[@pone.0195802.ref031]\]. All three ^64^Cu-labeled radiopeptides warrant further comparative evaluation and potential clinical studies.

Conversely, ^64^Cu-DOTA-TATE shows persistent blood and heart values over 24 hours. In addition, the high liver uptake and long liver retention compared with ^64^Cu-NODAGA-JR11 suggest tracer instability, as found by other researchers with different DOTA-conjugated tracers \[[@pone.0195802.ref032]\]. Despite these findings, ^64^Cu-DOTA-TATE is very successful in humans and appears to be stable with regard to ^64^Cu-ion release. This raises an interesting question of whether we are dealing with a species difference. One explanation could be a difference in reductant concentration in the blood of the two species (human and mouse). Among the most likely reducing agents in human/mouse plasma are low molecular weight biothiols such as Cys, hCys, Cysgly, and glutathione, which are present in high concentrations in both human and mouse plasma. The total thiol concentration in mouse plasma is about 320 μM, but in human plasma it is only 228 μM. Specifically, there is about an 80-fold higher glutathione concentration in mouse plasma \[[@pone.0195802.ref033],[@pone.0195802.ref034]\].

Conclusions {#sec016}
===========

Independent of the mechanism, ^64^Cu-NODAGA-JR11 performs better than ^64^Cu-DOTA-TATE in this xenograft animal model and the bifunctional chelator NODAGA allows for the strong encapsulation of Cu^2+^ by the 3 nitrogens and 3 carboxy methyl oxygen atoms of the parent NOTA, while still providing a carboxy ethyl group for biomolecule coupling. The comparison of these two ^64^Cu-labeled radiopeptides allows us to state that ^64^Cu-NODAGA-JR11 warrants further development for translation into the clinic.

Supporting information {#sec017}
======================

###### 

**RadioHPLC chromatogram showing the radiochemical purity of the** ^**64**^**Cu-NODAGA-JR11 (A) and** ^**64**^**Cu-DOTA-TATE (B).** The values on the x-axis indicate retention time in minutes. Free ^64^Cu elutes earlier than 1 minute.
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Click here for additional data file.

###### Internalization kinetics of ^64^Cu-DOTA-TATE in HEK293-hsst~2~ cells.

(PDF)

###### 

Click here for additional data file.
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